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In this letter, we investigate the effect of orbital angular momentum (OAM) on elastic photon-
photon scattering in vacuum for the first time. We define exact solutions to the vacuum electro-
magnetic wave equation which carry OAM. Using those, the expected coupling between three initial
waves is derived in the framework of an effective field theory based on the Euler-Heisenberg La-
grangian and shows that OAM adds a signature to the generated photons thereby greatly improving
the signal-to-noise ratio. This forms the basis for a proposed high-power laser experiment utilizing
quantum optics techniques to filter the generated photons based on their OAM state.
Photon-photon scattering in vacuum is an effect that
has attracted considerable interest over the past few
decades [1, 2]. In classical electromagnetism, the lin-
earity of Maxwell’s equations indicates that scattering
between photons cannot happen in the vacuum. Nev-
ertheless, results from quantum electrodynamics (QED)
have shown that the vacuum is, in fact, non-linear. This
means that the aforementioned scattering is actually pos-
sible, albeit very difficult to observe [3]. Many different
proposals have been made to detect such processes us-
ing microwave cavities [1], plasma channels [4] and high-
power lasers [5, 6]. The main obstacle to these schemes
has been the relatively weak predicted signal compared
to the noise inherent to any experiment. As such, scat-
tering between real photons has yet to be observed in the
vacuum.
In this letter, we investigate the effect of orbital angu-
lar momentum (OAM) coupling in elastic photon-photon
scattering and we show, for the first time, that OAM
contributes an additional unique signature that will help
filter the background noise and is thus predicted to make
the detection of these weak signals easier. OAM is a
relatively recently understood degree of freedom of light
that is distinct from the more widely understood spin
angular momentum (SAM) which is related to light’s po-
larization [7]. It appears in electromagnetic modes which
have an azimuthal phase dependence, E(r) ∝ eilφ, where
conventionally l denotes the OAM state of the mode.
It should be noted that l here represents the projection
of OAM on the direction of propagation in contrast to
its use in the quantum mechanical treatment of bound
electronic states where it represents the absolute value
of the “total” OAM. Interest in researching these modes
has grown ever since they were shown to carry a quan-
tized net angular momentum separate from their spin [8].
Since it is unbounded and can have any integer value,
OAM has many potential applications in different fields
including: enhanced imaging techniques, light manipula-
tion and high density coding of information for commu-
nication [7, 9, 10]. Consequentially, over the course of
the previous two decades, the techniques required to ef-
ficiently generate OAM states, and detect and filter pho-
tons according to their OAM state (right down to the
single-photon level) have been honed to a great level of
precision [12, 13]. For this reason, we are interested in
investigating its impact on photon-photon scattering.
This letter will be organized as follows: first, exact so-
lutions to the electromagnetic wave equation which carry
OAM will be discussed. These modes will then be used
to investigate the effect of OAM on photon-photon inter-
action within the framework of an effective field theory
[14]. Finally, a proposed experimental configuration will
be presented that is expected to validate the accompa-
nying theoretical work.
The simplest solution to the linear electromagnetic
wave equation is the plane wave decomposition, where
a plane wave is described by:
E(r, t) = E0ei(k·r−ωt)nˆ (1)
where k is the wavevector, ω is the angular frequency and
nˆ is the polarization unit vector of the plane wave which
necessarily satisfies the transversality condition (k· nˆ =
0) arising from Maxwell’s equations. We then consider an
infinite superposition of plane waves whose wave vectors
lie on the surface of a cone with half-angle α around the
z-axix:
El(r, t) =
E0
2pi
∫ 2pi
0
(i)lei(k(φk)·r−ω0t+lφk)nˆ(φk)dφk (2)
k(φk) = k cos(α)zˆ− k sin(α)(cos(φk)xˆ + sin(φk)yˆ) (3)
nˆ(φk) = sin(φk)xˆ− cos(φk)yˆ (4)
where l ∈ Z is the azimuthal mode number. El is obvi-
ously then an exact solution to the electromagnetic wave
equation as it is a linear superposition of exact solutions.
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2Its integral representation can be simplified by decom-
posing the trigonometric functions into their exponential
form and using the fact that (1/2pi)
∫ 2pi
0
ei(lφ−x sin(φ))dφ =
Jl(x) [15], where Jl(x) is the l-th order Bessel function
of the first kind. Thus, the electric field in Eq.(2) can be
rewritten in cylindrical coordinates (z, ρ, φ) as:
El(z, ρ, φ, t) =E0ei(κz−ωt+lφ)
[
− lJl(βρ)
βρ
eˆρ
+ i
Jl+1(βρ)− Jl−1(βρ)
2
eˆφ
] (5)
Where κ = k cos(α) and β = k sin(α). The correspond-
ing magnetic field can then be calculated from Eq.(5)
using Maxwell’s equations (∇ × El = −∂Bl/∂t). This
solution can be seen as an OAM-carrying extension of
the electromagnetic Bessel modes. One of the interest-
ing properties of Bessel modes is that they propagate
without diffraction as can be seen by noting that the
radial profile of the field is independent of the longitu-
dinal position along the direction of propagation. True
Bessel beams are unphysical as they carry infinite energy.
However, Bessel-like modes, which retain some of the
aforementioned interesting properties over a known co-
herence length, have been generated using axicon lenses
[16]. When considering the case of l 6= 0, the field has
an azimuthal phase dependence, and therefore as shown
in [8], it carries nonzero OAM. This can be confirmed by
calculating the time-averaged angular momentum den-
sity of the field 〈L〉 = (1/2)r×<(E∗ ×B).
〈L〉 =0E
2
0
c
(
l
k0
J2l (βρ)zˆ−
lz sin(α)
βρ
J2l (βρ)ρˆ
− ρ cos(α)J
2
l+1(βρ)− J2l−1(βρ)
2
φˆ
) (6)
If 〈L〉 is integrated over a finite circular transverse profile
of the field, only the z-component of the angular momen-
tum density contributes as the polar unit vectors inte-
grate to 0. This results in a total angular momentum
〈L〉 ∝ lzˆ.
It should be noted that this method of defining light
modes that carry OAM differs from the standard ap-
proach of considering Laguerre-Gaussian (LG) modes [8].
The method used here offers two advantages, the first
being that the field defined in Eq.(5) is, by construction,
divergence-free and hence an exact solution of Maxwell’s
equations. Secondly, it offers a simple representation of
OAM beams as a superposition of plane waves which
proves highly advantageous when calculating the nonlin-
ear interaction terms compared to the LG modes which
contain a complicated envelope that makes the calcula-
tion intractable.
Classically, photon-photon scattering is physically im-
possible since Maxwell’s equations are linear [17], mean-
ing that any superposition of solutions to the wave equa-
tion is itself a solution. However, the full quantum elec-
trodynamic treatment of the vacuum field predicts the
existence of vacuum polarization and the possibility of
photon-photon scattering mediated by virtual electron-
positron pairs [3]. The exact treatment of this problem
is quite challenging, however, the interaction can be ap-
proximated by the Euler-Heisenberg Lagrangian which
accounts for this vacuum polarization up to one loop in
the corresponding Feynman diagram, thereby accounting
for the lowest order contribution to the photon-photon
QED scattering amplitude. It can be written in Gaus-
sian units, in the limit for fields oscillating slower than
the Compton frequency, as [14]:
L = 1
8pi
(
(E2 −B2) + ξ[(E2 −B2)2 + 7(E·B)2]
)
(7)
Where ξ =
~e4
45pi2m4c7
. A modified electromagnetic wave
equation can then be derived using the Euler-Lagrange
equations. The quartic corrections to the Lagrangian
lead to a non-linear source term for the wave equation,
even in the vacuum.
∂µ∂µE = 4pi(c
2∇(∇·P)− ∂t(∂tP + c∇×M)) (8)
Where ∂µ∂µ = ∂
2
t − c2∇2, and M and P are the effec-
tive vacuum magnetization and polarization respectively,
described by:
M = (4pi)−1ξ(−2(E2 −B2)B + 7(E·B)E) (9)
P = (4pi)−1ξ(2(E2 −B2)E + 7(E·B)B) (10)
These equations indicate that the source term in Eq.(8)
has a non-linear cubic dependence on the electromag-
netic fields. Therefore, if we start with three plane waves
(ki, ωi)i∈{1,2,3}, it is clear that the three modes will mix
generating a fourth wave (k4, ω4) that satisfies the fol-
lowing energy and momentum matching conditions:
k1 + k2 = k3 + k4 ω1 + ω2 = ω3 + ω4 (11)
There are, of course, many other interaction terms that
involve different combinations of the three initial waves.
However, in the rest of this letter, only terms that cor-
respond to the matching conditions in Eq.(11) will be
considered. This is because it is the most convenient
generated wave to measure experimentally and allows
for flexibility in the geometrical setup of the incoming
beams as will be seen in the following parts. This does
not necessarily mean that the other interactions terms
are particularly weaker. However, they are also not any
stronger, and waves generated through them will have
frequencies and directions of propagation (and different
OAM state as will be seen later on) different from Eq.(11)
3meaning that they can safely be neglected when estimat-
ing the number of detected photons in the experimental
geometry that will be considered later on.
Let the three initial plane waves be E1 =
E1e
i(k0x−ω0t)yˆ, E2 = E2ei(−k0x−ω0t)zˆ and
E3 = (i)
lE3e
i(k3(φk)·r−ω0t)eilφk nˆ(φk) where
k3(φk) = k0 cos(α)zˆ − k0 sin(α)(cos(φk)xˆ + sin(φk)yˆ)
and nˆ(φk) = sin(φk)xˆ − cos(φk)yˆ. It is clear that E3
is a plane wave that lies on the surface of a cone with
half-angle α similar to the aforementioned case. Further,
α is considered to be very small, which is a reasonable
assumption with Bessel beams as they are generally
generated with axicon lenses which have a very shallow
angle. Keeping only the interaction terms of Eq.(8) that
are resonant for the generated fourth wave E4. The
non-linear wave equation can then be written as [25]:
∂µ∂µE4 ≈ (−i)lω20ξvˆ(φk)E1E2E∗3ei(k4(φk)·r−ω0t−lφk)
(12)
where vˆ(φk) = cos(α) cos(φk)xˆ + cos(α) sin(φk)yˆ +
sin(α)zˆ and k4 = −k3.
Consider now the case where E3 is not a plane wave,
but an l-th order OAM mode whose average wavevec-
tor is directed along the positive z-axis. As seen above,
the OAM beam can be decomposed into an appropriate
superposition of plane waves. It is only then necessary
to perform an integration on Eq.(12), similar to the one
presented above in Eq.(2), and find that the source term,
in this case, can be rewritten as Bessel functions with an
overall azimuthal phase dependence.
∂µ∂µE4 ≈ ω20ξE1E2E∗3Jl(ρ, φ)ei(−κz−ω0t−lφ) (13)
where β = k0 cos(α), κ = k0 sin(α) and J is a vector con-
taining the transverse radial dependence of the source.
Jl(ρ, φ) = sin(α)Jl(βρ)zˆ + i cos(α)
Jl+1(βρ)− Jl−1(βρ)
2
ρˆ
− l cos(α)Jl(βρ)
βρ
φˆ
(14)
Eq.(13) can be solved using the standard Green’s func-
tion method, and the generated field, far from the source,
can be written as:
E4 =
(i)l
4pirc2
ω20ξE1E2E
∗
3Λl(θ)e
i(k0r−ω0t−lφ) (15)
where:
Λl(θ) =2pi(sin(α)Alzˆ− cos(α)Al+1 +Al−1
2
ρˆ
− i cos(α)Al+1 −Al−1
2
φˆ)
(16)
Al =
∫ ∫
V ′
e−i(κ+k0 cos(θ))J−l(k0 sin(α)ρ′)Jl(βρ′)ρ′dρ′dz′
(17)
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FIG. 1. Plot of the angular dependence of the field of the
generated photons |E4|2 to show the direction of propagation
of the generated wave. θ is the polar angle defined, as it
usually is in the spherical coordinate system, from the z-axis.
and r ∈ R+ is the spherical radial distance from the ori-
gin of the finite interaction volume V ′ whose extent will
depend on the size of the focal spots of the three beams
being used in the experimental setup. The interaction
volume is artificially limited in this calculation because
the beams used in the analytical derivation have infi-
nite extent and are non-integrable over all of space, while
physical beams will always have an integrable intensity
envelope. The direction of propagation of this generated
wave can be seen in the angular dependence of Λl(θ) in
Fig.(1). From it we can conclude that the generated wave
propagates along the same axis but in the opposite di-
rection as the initial OAM mode E3, which is intuitive
as E1 and E2 are anti-parallel, and linear momentum is
conserved. It can also be clearly seen in Eq.(15) that the
generated field has the opposite azimuthal phase depen-
dence of E3. This means that the OAM of the generated
photons will be opposite in sign, which is to be expected
as a consequence of conservation of angular momentum
since the two other intial waves E1 and E2 were plane
waves. We can then use Eq.(15) to calculate the gener-
ated intensity I4 = (1/2)c0|E4|2 which can be integrated
over the surface of the interaction volume to calculate the
number of generated photons for specific initial laser pa-
rameters.
Eq.(15) shows that for a specific set of three-beam ge-
ometries, if one of the lasers is carrying some OAM (l)
then the photons generated due to photon-photon scat-
tering will carry the opposite value l4 = −l as can be
seen from the azimuthal dependence in the phase of the
generated field. We propose to use this additional sig-
nature to design a novel high-power laser experiment to
verify this hitherto undetected phenomenon. In order to
make the generated photons even easier to distinguish,
the geometry will be modified slightly from the one con-
sidered previously. Consider instead three initial waves,
4FIG. 2. A sketch of the proposed geometry for the experiment
showing the three main initial beams. The 2ω0 (green) beams
have a flat phase front whereas the ω0 (red) beam has a helical
front arising from the nonzero OAM. The figure illustrates
the generated 3ω0 (blue) spiral photons. (a) and (b) are the
frequency and OAM filters respectively, which will be used to
remove background noise.
where (k1 = −2(ω0/c)(1/2zˆ +
√
3/2xˆ), nˆ1 = yˆ) and
(k2 = −2(ω0/c)(1/2zˆ−
√
3/2xˆ), nˆ2 = yˆ) are plane waves,
and E3 is an OAM beam with l3 = 1 and ω3 = ω0 that
is propagating along the positive z-axis. These kinds of
modes can be efficiently generated in the laboratory using
mode-conversion methods such as so-called spiral phase
mirors (SPM) which have efficiently generated OAM-
carrying high power lasers [5]. According to Eq.(11) and
Eq.(15), we should then expect to detect photons gener-
ated at ω4 = ω1 + ω2 − ω3 = 3ω0 with l4 = −1 prop-
agating along the negative z direction. These generated
photons are then distinct, from any of the initial radia-
tion in the interaction, in frequency, direction of travel
and OAM state. The expected number of photons gener-
ated by photon-photon scattering Nγ can be calculated
from Eq.(15) using:
Nγ =
0cτ
2~ω4
∫ pi
0
∫ 2pi
0
|E4(r, θ, φ)|2r2 sin(θ)dθdφ (18)
where τ is the duration of the interaction. In the case of
a high-power laser of 10 PW at a wavelength of 800 nm,
where the laser pulse duration is τ = 30 fs, the beam must
be split into three, where two of the component parts are
frequency doubled. Considering a second harmonic con-
version efficiency of 30% and a spot size of 5µm, Eq.(18)
predicts that Nγ is expected to be on the order of 100
photons per shot. It should be noted that since unphysi-
cal light modes were used for this derivation, it can only
provide an initial estimate of the number of generated
photons through photon-photon scattering. This is, how-
ever, not a major concern as any additional realistic enve-
lope (such as a Gaussian envelope) will vary slowly com-
pared to the oscillations of the field and as such will have
negligible contributions to the photon-photon scattering
interaction. Fig.(3) shows the scaling of Nγ with respect
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FIG. 3. Plot showing the scaling the estimated number of
generated photons as a function of initial laser power while
fixing all other laser parameters (focal spot and pulse dura-
tion).
to the power of the initial laser, while keeping all other
parameters the same as the above example. Comparing
this scaling to the one in the case with no OAM [5], it is
clear that the introduction of OAM does not change the
coupling strength of the photon-photon interaction and
the predicted number of photons generated from it is of
the same order when lasers parameters are matched.
Although the number of photons may seem small,
especially compared to the other 3 high-power beams
(e.g. the OAM-carrying beam contains O(1020) pho-
tons), its multiple different signatures will allow for effi-
cient filtering of any other background radiation. There
have been many successful experiments where even sin-
gle photons have been filtered by their OAM state and
detected using highly efficient single-photon detectors
[4, 13]. Along with OAM filtering, frequency filtering
with ultra narrow-band bandpass filters would block any
photons whose frequency is sufficiently different from
what is expected from the previously defined three-beam
interaction. The single-photon detectors can also be
gated to only be sensitive to scattered photons that are
generated during the interaction time in order to further
reduce the noise. Furthermore, performing this experi-
ment on a high-power and high-repetition rate laser facil-
ity, such as the ELI facility [20, 23] or the Apollon facility
[24], would allow for gathering the statistics essential for
verification of the scattering event. The scattering signal
would also be boosted by orders of magnitude by per-
forming the experiment on the upcoming 100 PW Sta-
tion of Extreme Light (SEL) laser facility as may be seen
from the scaling in Fig.(3).
Of course, it is practically impossible to achieve a per-
fect vacuum even in a laboratory setting. Even within a
vacuum chamber, there are still some particles that can
interact with the lasers and generate some noise. The
main interaction contributing to this concern is Comp-
5ton scattering. However, as shown in [5], the number
of Compton-scattered photons that would possibly be
generated in the appropriate frequency band is much
smaller than the photon-photon scattering signal we ex-
pect. Also, as proven in [21], the OAM state of these
Compton-scattered photons would either be 0 or the op-
posite of the state of interest. Thus, using a projective
OAM filtering technique [22], the already small amount
of noise can be reduced by 25 dB compared to the case
without the OAM signature while the signal remains as
strong, thus making detection of the signal of interest
feasible.
In this letter, we have investigated the effect of orbital
angular momentum on elastic photon-photon scattering.
Using effective field theory, we have derived an expres-
sion for the expected generated field. We have shown
that the OAM coupling will provide an additional useful
signature for the interaction and will allow for the use
of quantum optics techniques to discern them from any
background radiation. We have also proposed an experi-
mental setup, which we plan to perform at the SEL laser
facility, that would allow for the detection of this effect
using high-power lasers. The experimental verification
of the polarization of the vacuum will open a new era
in strong field, low energy quantum electrodynamics for
fundamental physics investigations.
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1Supplemental Materials
Analysis of the non-linear electromagnetic wave
equation
The Euler-Heisenberg Lagrangian shows that even in
the vacuum, there is a non-linear coupling between elec-
tromagnetic waves. If one again considers the case with
three initial waves, then the electromagnetic fields for the
waves can be written in complex notation as
Ej(r, t) = Eje
i(kj ·r−ωjt)nj(kj) (S1)
With nj(k) being the polarization of the field and j ∈
{1, 2, 3} labeling each individual wave. The electromag-
netic wave equation derived from the vacuum Euler-
Heisenberg Lagrangian is
∂µ∂µE = 4pi(c
2∇(∇·P)− ∂t(∂tP + c∇×M)) (S2)
M = (4pi)−1ξ(−2(E2 −B2)B + 7(E·B)E) (S3)
P = (4pi)−1ξ(2(E2 −B2)E + 7(E·B)B) (S4)
Where P and M are the effective vacuum polarization
and magnetization respectively, and E and B are the
total sum of the electric and magnetic fields respectively.
It should be noted that since the complex notation is
being used for the fields, the squared fields are calculated
from their real part (e.g. E2 = <(E)2). From Eq.(S3)
and Eq.(S4), it is clear that the non-linearity is cubic, so
the inhomogenous wave equation can rewritten to first
order as
∂µ∂µE =
∑
AijkEiEjEke
i((ki+kj+kk)·r−(ωi+ωj+ωk)t)
+BijkEiEjE
∗
ke
i((ki+kj−kk)·r−(ωi+ωj−ωk)t)
+CijkEiE
∗
jE
∗
ke
i((ki−kj−kk)·r−(ωi+ωj−ωk)t)
(S5)
It is possible to investigate this equation via harmonic
analysis in order to simplify it to a more solvable form.
The field of interest, considered in the paper for the con-
venience of the geometry of its interaction, is the fourth
wave that is generated through the photon-photon inter-
action
E4(r, t) = E4(r, t)e
i(k4·r−ω4t)n4(k4) (S6)
with k4 = k1 + k2 − k3, ω4 = c|k4| = ω1 + ω2 − ω3 and
E4(r, t) is a slowly varying function of space and time.
For this generated field, the left-hand side of Eq.(S5) can
be expanded to first order as
∂µ∂µE4(r, t) ≈ −2i(ω4 ∂
∂t
+ c2k · ∇)E4(r, t)
×ei(k4·r−ω4t)n4(k4)
(S7)
Multiplying both sides of Eq.(S5) by ei(k4·r−ω4t), it is
then Fourier transformed in space, thereby leaving only
the time derivative of E(r, t). When integrating over
time, all the non-resonant terms oscillating at ω 6= ω4
vanish and the only relevant non-linear coupling term is
the resonant E1E2E
∗
3 term. Hence Eq.(S5) is simplified
to
∂µ∂µE4 ≈ B123E1E2E∗3ei((k1+k2−k3)·r−(ω1+ω2−ω3)t)
(S8)
which is then solved using the Green’s function method
as described in the paper.
Comparison between photon-photon scattering with
and without OAM
The main advantage to using beams with orbital angu-
lar momentum (OAM) in photon-photon scattering is the
additional OAM signature that is carried by the gener-
ated photons distinguishing them from the background
radiation. This is predicted to improve the signal-to-
noise ratio of interaction making it much more detectable.
To see this, first consider the signal of the generated
photons. In the paper, the non-linear equation for an
incoming beam OAM was derived by first considering
a superposition incident plane waves with an angle α
with respect to z-axis and an azimuthal phase shift and
then integrating them with respect to the phase. The
strength of the coupling with no OAM can be derived
by considering case with with α = 0 and no phase vari-
ance. By comparing the predicted number of generated
photons through photon-photon scattering for each case
(with and without OAM), it can be shown that the num-
ber of generated photons is practically unaffected when
parameters of the incoming beams (power, duration and
focal spot) are held constant. This is intuitive as the ef-
fect of OAM would only be to modify the OAM state of
the generated photons and not the coupling strength of
the photon-photon interaction.
Of course, high-power lasers typically do not carry
OAM and it must be imparted onto them using mode
converters such as so-called spiral phase plates (SPP).
Even if the coupling strength is not affected, the conver-
sion efficiency is critical as a poorly designed converter
would weaken the incoming beam, potentially undermin-
ing the positive effect of the additional signature.
Efficiently generating OAM-carrying beams has been
a very active topic of research due to their potential ap-
plications in quantum computation and communication,
and high-density coding of information [S2, S4]. Con-
version methods adapted to high-power lasers have also
been developed [S1, S8], with methods such as spiral
phase optics having a theoretical efficiency of up to 93%
when the waist ratio is optimized [S3]. Spiral phase mir-
rors are particularly well adapted for high-power lasers as
2they avoid transmission through dielectric media thereby
avoiding any problems with group velocity dispersion
(GVD) or B-integral [S6]. They can also be made using
coatings with high-damage thresholds similar to the ones
used on the rest of the optics used to manipulate these
high-power beams where dielectric coatings can have flu-
ence damage threshold of over 1 J · cm−2 [S9]. Addition-
ally, high-power beams generally have a large diameter so
that their fluence becomes well below the damage thresh-
old for the optical coatings. Tests have already been done
using spiral phase mirrors to efficiently generate OAM on
100 TW laser beams [S5]. This means that the conver-
sion of one of the input beams into an OAM-carrying
one will not have a detrimental effect on the number of
photons generated through photon-photon scattering.
Considering now the noise, the additional unique OAM
signature carried by these photons allows for the use
of filtering techniques developed in quantum optics re-
search. In [S7], a projective filtering method is used to
efficiently detect photons carrying a particular OAM sig-
nature while other modes are suppressed by around 25
dB. The filtering involves using a highly-efficient blazed
fork phase hologram that adds a specific amount of OAM.
The goal is to choose the hologram so that the desired
OAM mode is converted into a regular Gaussian while all
other modes are converted to various other OAM modes.
The output is then coupled into a single-mode fiber optic
cable itself coupled to a single photon detector. These
cables can only transmit Gaussian modes while all other
modes decay while propagating. Therefore, at the final
output, the specific OAM, corresponding to the photons
generated through photon-photon scattering, will be de-
tected while the background noise will be filtered by 25
dB. From all these considerations, the signal-to-noise ra-
tio (SNR) of the interaction using an OAM-carrying ini-
tial beam is significantly enhanced compared to that of
the regular plane wave.
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